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COMPACT PHASE LOCKED LASER ARRAY AND RELATED TECHNIQUES 



FIELD OF THE INVENTION 



This invention relates generally to electro-optical systems and more particularly to 
electro-optical systems having a plurality of gain media to produce a composite, coherent 
beam of energy. 

BACKGROUND OF THE INVENTION 

As is known in the art, electro-optical systems have a wide range of applications. 
Many of these applications include the use of a plurality of gain media to produce a 
composite, coherent beam of energy. Some of these applications are medical, and defense 
applications where it is often desirable to utilize high power laser electro-optical systems. 
The development of high power laser systems such as chemical lasers and gas lasers, has 
achieved some significant levels of laser power. These applications include metal cutting 
and welding, medical procedures such as Transmyocardial Revascularization (TMR) to treat 
coronary artery disease, direct printing and engraving, and defense weapons. However, 
many laser systems currently used in these applications remain complex, cumbersome and 
have drawbacks such as low efficiency, and the requirement for non-renewable energy 
sources. These laser systems are not readily scalable to higher power ranges. 

If high power laser systems are to become more effective and widespread, new laser 
technologies are required that provide more compact, efficient, stable and higher powered 
than systems currently available. For example, diode-pumped fiber lasers have 
demonstrated efficient electrical-to-optical power conversion into a diffiaction-limited laser 
beam. Single mode outputs of over 1 00 W have been reported from a fiber laser pumped by 
semiconductor diode lasers. The conversion of the multimode output of the diode laser 
pump to the single mode fiber output can be achieved with a quantum efficiency of 
approximately 85%, resulting in an overall efficiency of the order of 30%. These individual 
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lasers can be constructed to be rugged and compact. Their electric energy source is widely 
available, easily renewed, and can be generated by many different techniques in any 
environment including space or under water. However, intrinsic characteristics such as non- 
linear effects inside the small single-mode core of the fiber ultimately limit the output power 
5 generated individually by such devices. The power output of an individual diode-pumped 
fiber laser will ultimately be limited by the damage threshold of the fiber core and cladding 
materials, as well as facet coatings. 

In order to circumvent these limitations and generate scalable high output power 
10 levels.in a diffraction-limited beam, laser systems can coherently combine the output of 

several fiber lasers. As is known in the art, the technique of phase locking allows combining 
several optical beams into a single beam. This technique combines the output power of each 
individual optical beam while preserving the spatial and spectral coherence of each 
individual beam. This approach enables the scalability of laser systems that can produce 
1 5 high power coherent diffraction-limited beams. 

Coherent combination of multiple beams can be achieved by several different 
techniques. These techniques require that all the beams have the same wavelength, the 
polarization, and be phase locked in the proper phase state in the plane of combination. In 

20 laser system, this can be accomplished in several different ways. For example, one can use a 
single beam to "seed" or injection-lock all the laser beams to be combined, thus ensuring 
that they be all at the same wavelength and polarization, and that a stable coherent phase 
regime exists for each source. One then needs to control or adjust the phases of all the laser 
beams to achieve coherent combination. Laser beams can also be combined in series with a 

25 nearest neighbor using the Talbot effect as in known in the art. 
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Another technique is to optically couple all the laser beams together in parallel 
common cavity, thus ensuring that they are all at the same frequency and in a single coherent 
phase state. External-cavity coupling of laser diodes has been successfully demonstrated 
to produce output beams both spectrally coherent as well as spatially coherent. 
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Many conventional external cavity laser designs utilize a "4-F" optical configuration. 
The "4-F" refers to the four focal length size of the external cavity. This technique uses two 
lenses inside the external cavity to Fourier transform the optical input pattern (i.e. electric 
field amplitude) a total of 4 times in a single round trip, resulting in an identity operation as 
described in "Introduction to Fourier Optics", by Joseph W. Goodman published by 
Mcgraw Hill Book Company, 1968. A spatial filter is placed at the Fourier plane and only 
allows light intensity (magnitude squared of the Fourier Transform of the input electric field 
pattern) which is coherent between the multiple gain elements to pass through the filter. The 
radiation beam must pass through the spatial filter twice before reentering the gain media. 
The double pass through the spatial filter reduces the overall efficiency of the laser array. 
The 4-F designed laser arrays require polarization adjusters, phase adjusters and the spatial 
filter in the path of the radiation. Some of the problems associated with these designs 
include their large size, complexity, the need for numerous adjustments and stability of the 
1 5 laser output. 

Thus, in high power laser applications, there is a need for a system to efficiently 
combine multiple laser sources using a compact external cavity design to provide a stable 
phased locked output without requiring numerous adjustments. 
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SUMMARY OF THE INVENTION 



In accordance with the present invention, an electro-optical system is provided 
having a plurality of electromagnetic gain media having media having a corresponding 
25 plurality of apertures disposed in a predetermined spatial distribution. The system 
further includes a refracting surface disposed to intercept energy from the plurality of 
apertures and a partially reflecting surface to direct a portion of the intercepted energy 
back toward the plurality of apertures with the directed energy being distributed about the 
plurality of apertures. The predetermined spatial distribution of the apertures is selected 
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to provide a spatial filter to establish a composite beam comprised of energy from the 
plurality of gain media with phase coherency. 

In accordance with one feature of the invention, an electro-optical system is 
provided having a plurality of apertures for a plurality of electromagnetic gain media. 
The apertures have spacings therebetween, and the spacings are disposed in a 
predetermined spatial distribution. The system further includes a common element 
disposed to intercept energy from the apertures media and direct the energy back to the 
plurality of gain media through the apertures. The directed energy is distributed about the 
plurality of apertures with the spacings providing a spatial filter to establishing a 
composite beam comprised of energy from the plurality of gain media, such beams in the 
composite beam having phase coherency. 



With such an arrangement, the cavity is shorter, more compact, more stable, and 
1 5 much simpler than many traditional external cavity architectures, because the external 
cavity requires only half of the focal length if) of the common element as the total length 
of the external cavity and does not require a dedicated spatial filter element. 
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In accordance with a further aspect of the present invention, a method to produce 
a phase coherent beam includes the steps of providing a plurality of apertures for a 
plurality of electromagnetic gain media producing a plurality of radiation beams. A 
refracting surface and a partially reflecting surface are disposed to reflect portions of the 
radiation. The method includes spacing entrance apertures of each of the plurality of 
electromagnetic gain media apart to provide a predetermined spatial distribution. The 
25 spatial distribution of spacing between the apertures provides a spatial filter and 

establishing a composite beam comprised of energy from the plurality of gain media with 
phase coherency. With such a technique, the outputs of a spatially separated multitude of 
laser or gain media outputs can be coherently combined into a composite beam and many 
types of laser or gain media source can be coupled together. 
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In accordance with a further aspect of the present invention, an electro-optical 
system is provided having a plurality of electromagnetic gain media having apertures 
disposed in a predetermined spatial distribution. The system further includes a common 
5 element disposed to intercept energy from the plurality of electromagnetic gain media and 
form an interference pattern across the apertures, such interference pattern having regions 
of constructive interference and regions of destructive interference. The regions of 
constructive interference are disposed on the apertures producing a composite beam 
comprised of energy from the plurality of gain media with phase coherency. With such 
10 an arrangement, energy from the gain media in the regions of constructive interference is 
fed back into the individual apertures of the gain media. The energy feedback into the 
gain media provides output energy having a coherent phase relation with a portion of the 
energy in the gain media and a cavity of the electro-optical system without requiring a 
dedicated spatial filter element. 

15 

In one embodiment, an external cavity uses a plurality of optical energy gain 
media with apertures spaced apart to provide an input optical pattern which is a very 
close match to the Fourier Transform of the input optical pattern when the elements are 
phase locked together and emitting radiation as a coherent array. The cavity and optical 

20 input pattern are used to optically fold the optical gain media beam back on itSelf in such 
a manner as to couple energy amplified by the plurality of optical gain media together 
and to provide phase locking of the energy amplified by the plurality of gain media. 
Therefore optical gain media are spaced apart by a predetermined spatial distribution i 
the external cavity, and more particularly the associated apertures perform the role of* 

25 spatial filter in the cavity. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
The foregoing features of this invention, as well as the invention itself, may be more 
folly understood from the following description of the drawings in which: 
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FIG. 1 is a schematic diagram of a compact phase locked laser array electro- 
optical system according to the invention; 

FIG. 1A is a schematic diagram of the parallel coupling of the radiation from one 
aperture to the plurality of apertures according to the invention; 
5 FIG. 2 is a schematic diagram useful in understanding the operation of the system of 

FIG. 1, such FIG. 2 showing unfolded optical paths of the system of FIG. 1 ; 

FIG. 3 is an exemplary radiation pattern showing the spatial distribution of input 
electric field of the system of FIG. 1 ; 

FIG. 4 is an exemplary radiation pattern showing the spatial distribution of input 
1 0 optical intensity of the system of FIG. 1 ; 

FIG. 5 is an exemplary radiation pattern showing the spatial distribution of output 
electric field of the system of FIG. 1; 

FIG. 6 is an exemplary radiation pattern showing the spatial distribution of output 
optical intensity of FIG. 1; 

FIG. 7 is a schematic diagram of an of a compact phase locked laser array system 
including solid state lasers as the gain media according to another embodiment of the 
invention; 

FIG. 8 is a schematic diagram of a compact phase locked laser array system including 
passive fiber coupled laser diodes as the gain media according to still another embodiment of 
20 the invention; and 

FIG. 9 is a schematic diagram of a compact phase locked laser array system including 
a plurality of frequency conversion devices offset from the plurality of gain media according 
to yet another embodiment of the invention. 



15 



25 DETAILED DESCRIPTION OF THE INVENTION 

Referring now to FIG. 1 , an electro-optical system, here a laser array system 100 
is shown to include an external cavity 1 0 having a first end 20, an internal cavity 24, a 
common element 30, and a housing 16. An absorbing surface 21 is disposed on the first 
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end 20. The common element 30 includes a lens 26 and a reflector 28. The lens 26 has z 
refracting surface 27 and the reflector 28 has a partially reflecting surface 29. The laser 
array system 100 further includes a plurality of electromagnetic gain media 14a - 14n 
(generally referred to as gain media 14), here for example, fiber lasers. The gain media 
14a-14n are disposed on a corresponding plurality of slots 19a-19n arranged on the first 
end 20 of the external cavity 10. 

Each one of the gain media 14a-14n is electromagnetically coupled to a 
corresponding one of a plurality of electromagnetic gain media energy sources 12a-12n, 
here for example, pump diodes. Each one of the gain media 14a-14n includes a 
corresponding one of a plurality of ports or apertures 18a-18n (generally referred to as 
apertures 18). More particularly, the gain media 14 amplify electromagnetic energy fed 
thereto via the energy sources 12 and the amplified energy is then electromagnetically 
coupled to the internal cavity 24 via apertures 1 8 to thereby provide a plurality of 
radiation beams 22a - 22n within the internal cavity 24. The radiation beams 22a - 22n 
are emitted from apertures 18a-18n as separate beams, the radiation beams 22a - 22n are 
combined in parallel by the refracting surface 27 and the partially reflecting surface 29 
into a single composite output beam 34. The output beam 34 is referred to as a single 
beam because the array emits the combined radiation as a coherent bundle. 

In the embodiment shown in FIG. 1, the output beam 34 is a coherent laser beam 
also referred to as a phase locked laser beam. It should be noted that the external cavity 
10 emits energy coherently in a phase locked manner and there is negligible radiation 
incident upon the absorbing surface 21. The apertures 18a-18n of the gain media 14 are 
spaced apart from a neighboring aperture 1 8 by a predetermined distance D. That is, the 
apertures 18 and the corresponding spacings disposed therebetween, which are coated 
with energy absorbing material, are disposed in a predetermined spatial distribution. As 
will be described in more detail hereinafter, the apertures 1 8 and the corresponding 
spacings disposed therebetween provide a spatial filter. The common element 30 is 
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spaced apart from the plurality of apertures 1 8 by approximately one half a focal length of 
the common element 30. The external cavity 10 is also referred to as a half -/external 
cavity because of the half -/spacing between the common element 30 and the plurality of 
apertures 1 8. The laser array system 1 00 further includes beam shaping optics 32 
adjacent to the external cavity 10 to shape the output beam 34. 

In operation, the pump diode energy sources 12 pump the gain media 14 at the 
nominal operating wavelength of the diodes, here for example a wavelength of 
approximately 0.83 urn. As is known in the art, the energy from the pump diode energy 
sources 12 is absorbed by the fibers, and is re-emitted in a coherent manner, here for 
example at a wavelength of approximately 1.06 um. It will be appreciated by those of 
ordinary skill in the art, that although the laser array system 100 is shown operating fiber 
lasers as the gain media 14, the external cavity 10 can be used to couple together many 
types or number of lasers including but not limited to diode pumped fiber lasers, fiber 
coupled diode lasers, gas lasers, diode pumped solid state lasers, and monolithic diode 
arrays. The energy of the gain media 14 is electromagnetically coupled via apertures 18 
into the external cavity 10 as beams 22 and directed to the common element 30. The 
partially reflecting surface 29 of the common element 30 intercepts energy (i.e., beams 
22) from the plurality of electromagnetic gain media 14 and directs portions of the energy 
back to the plurality of gain media 14 with the directed energy being distributed about the 
plurality of apertures 18. The refracting surface 27 of the common element 30 provides a 
Fourier Transform of the energy from the plurality of gain media 14. The transform 
couples together the outputs of the gain media 14 to provide an interference pattern at the 
apertures 18. The energy of the interference pattern is fed back into the apertures of the 
gain media (as described in more detail in conjunction with FIGs. 2-6). 

The plurality of apertures 1 8 has a corresponding Fourier plane (also referred to 
as a spatial frequency plane) and the apertures 1 8 are disposed in this Fourier or spatial 
frequency plane. It should be noted, that a stable interference pattern is formed only 



when the radiation emitted from apertures 18 is spatially coherent across the apertures 18. 
To put it another way, the radiation providing feedback into the apertures 1 8 is phase 
locked. 



The reflector 28 is a partially reflecting end mirror, here for example, 90 percent 
reflective) made of coated glass, for instance, which could be joined to the lens 26 to 
form the common element 30 which directs energy back to the apertures and gain media 
14. It should be noted that the lens 26 and reflector 28 can be replaced by a single 
element or a combination of optical elements such as a diffraction grating or a curved 
mirror. The lens 26 is spaced apart from the apertures 18 of gain media 14 by a distance 
of approximately/2. The partially reflecting surface 29 enables the common element 30 
to direct the energy back to the plurality of apertures 18. 

The radiation beams 22 are spatially transformed by the lens 26 and partially 
reflected by the reflector 28 (as described below in conjunction with FIGs. 2-6). The 
apertures 18 spaced apart by distance D and the corresponding spacings disposed 
therebetween provide a spatial filter in the internal cavity 24. The radiation feedback of 
the reflected energy through the spatial filter directed into the apertures 1 8 provides phase 
coherency in the output beam 34. The beam shaping optics 32 transforms the radiation 
leaving the internal cavity 24 into the composite plane wave output beam 34 having 
phase coherency. That is, the plurality of beams 22a-22n combine within the internal 
cavity 24 to exit the external cavity 10 as the output beam 34. The components of the 
output beam 34 (i.e., beams 22a-22n) are combined by the external cavity 10, including 
the spatial filter to all be coherent, one with the other, when they leave the internal cavity 
24 as the output beam 34. 

0 

In one embodiment, the absorbing surface 21 of the first end 20 inside the 
external cavity 10 is painted black or coated with an energy absorbing material. The 
absorbing material, here for example, black paint is selected to absorb the energy which is 
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directed to corresponding spacings disposed between apertures 18. The spacing D is 
chosen to minimize the energy absorbed by the absorbing surface 21, to maximize the 
energy fed back into apertures 18, and to cause substantially all of the light having the 
desired composite, coherent nominal wavelength to be combined in parallel to produce 
the output beam 34 output of the external cavity 10 in a manner to be described in more 
detail hereinafter. 

In one embodiment, the housing 16 of the external cavity 10 is preferably 
constructed from material with iron alloys, known in the art, that exhibit extremely low 
thermal expansion coefficients and provide excellent thermal stability, such as Invar or 
Super Invar (which has a low thermal expansion coefficient of 3.6* 10' 7 K"') in order to 
minimize misalignment due to thermal variations. The housing 16 optionally includes 
additional supports (not shown) for improving thermal stability, mounts (not shown) for 
the gain media 14 and brackets (not shown) for mounting the common element 30. 
Alternatively, the external cavity housing 16 can be constructed as a monolithic structure 
to provide a high level of system stability. 

<. 

Now referring to FIG. 1 A, the refracting surface 27, here, provided by lens 26 . 
intercepts the energy from the plurality of apertures 18. For example, as shown in FIG. 
1A, energy from aperture 18b is intercepted by the refracting surface 27 of the common 
element 30 and portions of the energy in reflected beams 22b' are directed substantially 
back to the plurality of apertures 18 by the partially reflecting surface 29 and distributed 
over all of the apertures 18a-18e in the cavity 24. The process of directing energy from 
each aperture 18a-18e into all of the apertures 18, as illustrated in FIG. 1A, is known in 
the art as parallel coupling. 

Series coupling, as used in other optical systems, differs from parallel coupling in 
that energy from an aperture is coupled only to a nearest neighbor in a series coupled 
optical system. Parallel coupling provides an output beam 34 having a higher degree of 
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coherency compared to series coupling as the number of apertures 1 8 is increased for a 
given size cavity. 

Now referring to FIG. 2, an "unfolded" geometry, which is not a physical 
embodiment but is used to help understand the combining operation of the external cavity 
10, includes an equivalent lens 26'. The lens 26' is symmetrical about a line or axis of 
symmetry 42. Unfolded gain media 14' including apertures 18' are shown physically 
separate from gain media 14 for illustrative purposes. Like reference numbers indicate 
like elements as shown in FIG. 1 . An electric field pattern 46 is produced at an input 
plane 40. The "doubled" lens 26' (with focal length F) provides a Fourier transformation 
of the electric field pattern at the input plane 40 to produce an output electric field 
interference pattern 48 at an output plane 44. An output electric field pattern 48 is an 
interference pattern which includes regions of constructive interference 54a-54n and 
regions of destructive interference 56a-56n. The apertures 1 8 are arranged so that the 
energy in the regions of constructive interference 54 are fed back into the gain media at 
the apertures 1 8 providing output energy having a coherent phase relation with a portion 
of the energy in the gain media 14 and the internal cavity 24 of the electro-optical system 
100 without requiring a dedicated spatial filter element. 

Through the action of the lens 26' in the internal cavity 24, the Fourier transform 
of the electric field pattern 46 at the input plane 40 is the output electric field pattern 48 at 
the output plane 44. The output electric field pattern 48 is reflected back onto the input 
plane 40 . This transformation provides sufficient coupling back into the gain media 14 
of the radiation within the external internal cavity 24 in order to achieve laser operation. 
The optical radiation will only couple back into the gain media 14 if the laser elements 
are coherently phase locked and form the appropriate interference pattern at the input 
plane of the internal cavity 24. This is achieved by arranging the gain media 14 (or 
apertures 18) in a very specific arrangement, to ensure that the Fourier transform of the 
gain media input pattern into the external cavity 10 is a close match to the gain media 



12 



input pattern 46 itself. 



The spacing of apertures 18 is determined by the Fourier transform of a comb 
function (spacing D,) which provides a comb output function with spacing D 2 , 
where D 2 = F*X/D l ; 

F is the focal length of the doubled lens to account for the round trip passage; and 
X is operating wavelength. 

Comparing FIG. 1 and FIG. 2, it can be seen that when the lens 26' is doubled as shown 
in FIG. 2, the focal length (F) is one half the focal length (J) of the lens as shown in FIG. 
1. Thatis,F=/2. 



luce 



In order to achieve the condition that the radiation fold back on itself and reprodi 
the optical input pattern, the aperture 18 spacing D (FIG. 1) is set at the input to the cavity to 



be 

D = 



yj {/^ ' A or equivalently D = V F • X 
where/ is the focal length of lens 26 (FIG. 1) and X is the nominal wavelength of the 
output beam 34 (FIG. 1). 

For example, a focal length of/= 8.0 cm for lens 26 (F = 4:0 cm) , and an operating 
wavelength of approximately 1.1 urn for output beam 34, the spacing D of the apertures 18, 
corresponding to a center-to-center fiber is spacing of approximately 209.8 urn. Note that 
the focal length F is the appropriate focal length for light making a round trip through the 
lens 26. The non-reflective spacings D between the apertures 1 8 themselves perform the 
role of a spatial filter. Although the laser array system 100 as shown in FIGs. 1 and 2 
depicts a one dimensional device, it now will be appreciated by those of ordinary skill in the 
art that the Fourier transforming characteristics discussed are all readily extended to two 
dimensions and that the gain media 14 could be a two dimensional gain media array. 
Optionally, a lens array (not shown) can be incorporated at the input plane into the cavity to 
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individually collimate the individual radiation beams 22a-22n (FIG. 1). Reducing the 
overall length of the cavity to approximately fll, simplifies the laser array system 100, and 
also increases the stability of the laser operation. In this example, the internal cavity 24 
would be approximately 4.0 cm long, while a convention "4F" configuration the internal 
5 cavity 24 would be approximately 16.0 cm long. 

Referring again to FIG. 1, using the predetermined spacing D of the apertures 18 of 
the gain media 14 themselves to perform the role of the spatial filter, enables the Fourier 
Transform lens 26 to perform a mapping of the output from an array of gain media 14 back 
0 into to a very specific output pattern which can efficiently couple back into the gain media 
14. 
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Since D 2 -F .^/D„ =f/2*X/D l (as shown in FIG. 2) setting the aperture 18 
spacing at the input to: 



will result in D 2 = D, = D. If the reflector mirror is placed at the line of symmetry 42 
(FIG. 2) the output image will map back onto, and couple into the input array of gain 
media with high efficiency. For example, a spacing between the apertures 1 8 of 
approximately 209.8 urn (distance D) would be appropriate for X approximately equal 
20 to 1 . 1 urn, a focal length/= 8 cm, and thirteen gain media elements. It should be 

appreciated by one skilled in the art that there are many configurations where it would be 
advantageous to utilize a cavity where D, is not equal to D 2 . 



The external cavity 1 0 is designed to operate without the need for collimating lenses 
to couple the input fibers or the output fibers to the external cavity. This greatly simplifies 
the cavity design. If required, however, collimating lenses (not shown) can be incorporated 
into the design to match "f * numbers. This might be required in to increase the fraction of 
radiation that participates in the operation of the cavity. 
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Now referring to FIGs. 3 and 4, a one dimensional input pattern includes an electric 
field input pattern (E inpul ) 60 and corresponding electric field input intensity pattern (I input ) 66. 

Electric field input pattern (E input ) 60 is composed of three simple patterns: 

1) C(x) Comb function, spaces the multiple fiber inputs (with spacing, in this case, 
approximately equal to 250 urn). 

2) G(x) Gaussian radiation output function, describes the field pattern at the emitting 
surface of each gain media aperture. In this case, the width of the Gaussian functions 
entering the cavity is approximately equal to 1 1 urn. 

3) E(x) Envelope function, describes the relative weightings of the fiber inputs (this 
includes the aperture function which limits the number of fiber inputs) 

These functions are combined in the following manner to obtain the electric field input 
pattern /ft) 66; 

l(x)=E(x)-{G{x)®C(x)} Q) 

where <8> represents a convolution operator. 

The electric field input pattern (E input ) 60 of a fiber array is a function of x (x,, 
measured in mm) evaluated at y = 0 

where k is a running index used in the software which generated this figure. The pattern 60 
in the example of FIG. 3 corresponds to a 13 element array of single mode fiber lasers with 
core diameters of approximately 1 1 um and a center-to-center spacing of D, approximately 
equal to 250um. In one embodiment D, is set to equal to D 2 , although there is no 
requirement that D, = D 2 . 

As shown in FIG. 4, the input optical intensity pattern (I input ) 66 looks similar to the 
electric field input pattern 60 (FIG. 3) the same spacing in the comb function, but with 
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narrower peaks and with a narrower envelope function. This input optical intensity pattern 
66 is representative of the output intensity pattern of a linear array of optical fibers measured 
along the centerline of the fibers. The important point to be noted about the electric field 
input pattern 60 and the input optical intensity pattern 66 is that the Fourier transform of this 
function can be tailored to couple into an array of output gain media 14 with high efficiency. 



Now referring to FIGs. 5 and 6, a calculated electric field output amplitude 72 (E outpul ) 
and a corresponding output optical intensity 78 (I output ) represent the Fourier transformed 
input function 64 (FIG. 3). The results of this transform with a laser wavelength of 
approximately 1 . 1 um and a focal length (/) of 8.0 cm (F = 4.0 cm) are shown in FIGs. 5 
and 6. The output amplitude 72 waveform includes a series of spikes 74 (FIG. 5) with 
spacings of approximately 0.176 mm (176 um). The output optical intensity 78 includes a 
series of spikes 80 (FIG. 6) with spacings of approximately 176 um. The output optical 
intensity spikes 80 and output amplitude spikes 74 correspond to the regions of constructive 
interference 54 (FIG. 2). The apertures 18 are arranged so that the spikes 74 (or equivalently 
spikes 78) are aligned with the apertures 18. 

An important aspect of the output optical intensity (I output ) 78 is that the input optical 
intensity 66 (FIG 4) is efficiently coupled back into an array of fibers with individual core 
diameter of approximately 1 1 umand with a center-to-center spacing of approximately 176 
um. The shape of both the input and output envelope functions is determined by the cavity 
modal properties of the external cavity laser during operation. During laser operation, the 
resulting envelope function adjusts itself to pass into the spatial filter provided by the 
apertures 18 with a predetermined spatial distribution and the corresponding spacings 
disposed therebetween (in this case, the predetermined spatial distribution is the separation 
of distance D), with maximum transmission. 

In order to achieve coupling back into the same fibers from which the energy exited, 
D, is set equal to D 2 (in this example approximately 209.8 um). This utilizes the same 
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optical fibers in both the image and the Fourier plane. Thus, the compact cavity will be 
designed in the "folded" configuration in the half-/ (/72) design, as shown in FIG. 1 . 

This architecture is designed to be directly scalable to higher numbers of fiber lasers 
to generate kW-level diffraction-limited output power. In fact, this design increases in 
power, efficiency, and stability as the number of laser elements in the system increases. 



Now referring to FIG. 7, in another embodiment of an external cavity 10' includes 
a common element 30 and gain media 14a'" - 14n"' (generally referred to as gain media 
14'"), here for example, solid state lasers. The gain media are coupled to conduits 104a - 
104n, here passive optical fibers. The conduits 104a - 104n (generally referred to as 
passive optical fibers 104) are coupled to a corresponding one of a plurality of 
electromagnetic gain media energy sources 12a-12n, here for example, pump diodes, 
receive. Each one of the gain media 14a"'-14n"' includes a corresponding one of a 
plurality of apertures 18a"'-18n"' (generally referred to as apertures 18"' ). The apertures 
1 8"', here solid state lasers, are each spaced apart from a neighboring aperture 1 8"' in a 
predetermined spatial distribution having separation distances D to provide a spatial filter 
to establish a composite beam and radiation feedback to the gain media 14"; in order to 
provide phase coherency in the output beam. The external cavity 10' further includes a 
single end mirror 106 disposed on the first end 20 of the external cavity 10'. Optionally, 
polarization controllers (not shown) are incorporated into a coupling mechanism (not 
shown) at the apertures 18"' to ensure the appropriate interference among the radiation in 
the cavity. Optical path length controllers (not shown) are optionally incorporated into 
the coupling mechanism to ensure the appropriate boundary conditions for the radiation 
in the separate portions of the cavity. 

In operation, the gain media 14"', solid state lasers in this embodiment of the laser 
array system 100 are pumped with fiber-coupled spatially removed laser diodes pump 
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energy sources 12. The single end mirror 106 is used as an external cavity reflector. The 
single reflector 106 is high reflective (HR) coated at the appropriate lasing wavelength 
ftsoiid state) and anti-reflective (AR) coated at the pumping wavelength. The gain media 
14"' are preferably solid state Nd:YAG lasers, Ruby lasers, Nd: YLF lasers, or Ho:YAG 
lasers. It will be appreciated by those of ordinary skill in the art that other solid state 
lasers can be used as the gain media 14"'. 

Now referring to FIG. 8, in a third embodiment of an external cavity 10 includes a 
common element 30 and a plurality of gain media 14a"" - 14n"", here spatially removed 
laser diodes (generally referred to as gain media 14"" ) coupled to conduits 104a - 104n 
(generally referred to as conduits 104). It will be appreciated by those of ordinary skill in 
the art that the apertures 18"" of the gain media 14"" need not be physically at the gain 
media (as in FIG. 1) but may be remote from the gain media 14"" and connected to the gain 
media through the conduits 104a -104n, here passive optical fibers. In operation, the gain 
media 14"" are preferably antireflection coated on the facets adjacent to the conduits 104 
and operate in conjunction with the conduits 104. In this embodiment of the laser array 
system 100, the conduits 104 provide a corresponding one of a plurality of apertures 18a""- 
18n"" (generally referred to as apertures 18"") for the gain media 14"" . The apertures 1 8"" 
are each spaced apart from a neighboring apertures 18"" in a predetermined spatial 
distribution having a separation D. As described above, the predetermined spatial 
distribution of the apertures 18"" and the corresponding spacings disposed therebetween 
provides the spatial filter to establish the composite beam and radiation feedback to the gain 
media 14"" in order to provide phase coherency in the output. 
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A fourth embodiment (not shown) is a variation of the system shown in FIG. 8 and 
includes the use of monolithic laser arrays as the gain media. In this case, each laser stripe 
(not shown) within the monolithic device (or set of monolithic devices) is regarded as the 
independent gain element. 



Now referring to FIG. 9, in a fifth embodiment of an external cavity 10" includes a 
common element 30, a plurality of gain media 14'", here solid state lasers, having apertures 
18"' thereof. Although shown using the solid state laser configuration of FIG. 7, it will be 
appreciated by those of ordinary skill in the art that other devices can operate as die gain 
media either located within the internal cavity 24 or remote from the internal cavity 24 and 
coupled by a conduit 104 (FIG. 7). The external cavity 10" further includes a plurality of 
frequency conversion devices 136a - 136n (generally referred to as frequency conversion 
devices 136) spatially offset from the gain media 14"'. The spatial distribution of the 
apertures 18"' and the frequency conversion devices 136 is predetermined such that the 
energy being distributed about the plurality of apertures 1 8"' of the gain media 14"' is 
initially directed to the frequency conversion devices 136. 

In operation, the frequency conversion devices 136 are disposed to receive portions 
of the radiation from the gain media 14"' after it is directed back by the common element 30 
in this embodiment of the laser array system 100. For example, this is accomplished by 
adjusting the spacing D, (FIG. 2) and D 2 (FIG. 2) so that every other peak in the returned 
radiation is incident upon the frequency conversion device and every other peak is incident 
upon the gain media 14. The output field is directed by the frequency conversion device 136 
towards the common element 30 and back into the gain media in order to produce an output 
beam 34' with altered frequency characteristics but retaining phase coherency. The 
frequency conversion devices 1 36 can, for example, be frequency doubling crystals or other 
devices such as acoustic modulators, or polarization rotators. It will be appreciated by those 
of ordinary skill in the art, that the direction of the energy into the frequency conversion 
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devices 136 can be accomplished by several different methods possibly using additional 
optical elements (not shown). 

All publications and references cited herein are expressly incorporated herein by 
reference in their entirety. 

Other embodiments are within the spirit and scope of the appended claims. 
What is claimed is: 



